Abstract Aerosolized hyaluronan (HA) has been previously shown to prevent cigarette smoke-induced airspace enlargement and elastic fiber injury in mice when given concurrently with smoke. In the present study, a more stringent test of the therapeutic potential of HA was performed by delaying treatment with this agent for 1 month. After treatment with cigarette smoke for 3 h per day for 5 days per week for 1 month, mice (DBA/2J) began receiving aerosolized HA (0.1%) for 1 h prior to smoke exposure (controls were given aerosolized water). The results indicate that much of the damage to the lung elastic fibers occurred within the first several months of smoke exposure, as measured by levels of desmosine and isodesmosine (DID) in bronchoalveolar lavage fluid (BALF). In contrast to previously published studies, where concurrent administration of aerosolized HA significantly reduced BALF DID levels within 3 months of smoke exposure, the same effect was not seen until 6 months when HA treatment was delayed. However, despite the prolonged breakdown of elastic fibers in the current study, a significant reduction in airspace enlargement was observed after only 2 months of HA treatment. These findings provide further support for testing this agent in patients with preexisting chronic obstructive pulmonary disease.
Introduction
Although a number of different mechanisms may be responsible for the loss of alveoli in pulmonary emphysema, damage to elastic fibers is a significant factor in the pathogenesis of this disease [1, 2] . These fibers are responsible for the mechanical recoil that facilitates the expiration of air from the lungs, and their breakdown can lead to alveolar distention and rupture. Due to the importance of elastic fiber injury in pulmonary emphysema, a number of therapeutic approaches have focused on protecting this extracellular matrix component from degradation by elastases and other injurious agents [3, 4] . However, determining the effectiveness of such treatment is often difficult because of the lack of sensitive, real-time indicators of successful therapeutic intervention. Both pulmonary function tests and high-resolution computerized tomography (HRCT) require prolonged time intervals to assess the potential benefits of a therapy, while more sensitive markers such as proinflammatory cytokines lack the necessary specificity to determine efficacy [5] [6] [7] [8] [9] .
One possible solution to this problem is measurement of elastic fiber breakdown products themselves. Recent advances in detecting the elastin-specific amino acid crosslinks desmosine and isodesmosine (DID) have greatly increased the sensitivity and specificity of this test procedure [10] [11] [12] [13] [14] . Levels of DID in urine and plasma have been shown to correlate with physiological and radiological measures of chronic obstructive pulmonary disease (COPD) [12] .
In the current study, we used this biomarker to determine both the progression of elastic fiber damage in a mouse model of smoke-induced pulmonary emphysema and the potential therapeutic effects of aerosolized hyaluronan (HA) on smoke-induced injury. This agent has previously been shown to significantly reduce smoke-induced airspace enlargement and prevent elastic fiber injury when given concurrently with smoke [15] . The current investigation modifies the original experimental protocol by delaying therapeutic intervention for 1 month following initiation of smoke exposure, thereby providing a more clinically relevant approach to evaluating this form of treatment. The ability of HA to limit airspace enlargement and prevent elastic fiber injury, despite pre-existing smokeinduced lung injury, would support clinical testing of this agent in patients who already have significant evidence of COPD.
Methods

Experimental Plan
Eight-week-old female DBA/2J mice (The Jackson Laboratory, Bar Harbor, ME) were divided into two treatment groups as follows: Group 1 was treated with aerosolized HA, beginning 1 month following initiation of smoke exposure; Group 2 was treated with aerosolized water, beginning 1 month following initiation of smoke exposure. Groups 1 and 2 were exposed to smoke for 3 h per day, 5 days/week, for a period of 10 months. Group 1 was treated with a 0.1% solution of HA in water for 1 h prior to each smoking session. Group 2 received aerosolized water for a similar interval. At various intervals following initial smoke exposure, animals were euthanized to determine (1) DID content in bronchoalveolar lavage fluid (BALF) and whole lungs at 2, 4, 6, 8, and 10 months; (2) lung histopathology at 3, 6, and 10 months; and (3) airspace enlargement as measured by the mean linear intercept (MLI) at 3 months. To obtain baseline values, additional 8-week-old animals, not exposed to either smoke or HA, were assayed for DID content in both BALF and whole lungs.
Exposure to Cigarette Smoke
Following administration of either aerosolized HA or water, the nebulizer was disconnected and the smoking machine (Model TE-10, Teague Enterprises, Davis, CA) was attached to the exposure chamber. Both treatment groups were exposed to cigarette smoke for a period of 3 h/ day, 5 days/week. The smoking machine simultaneously burned two filtered research-grade cigarettes (type 2R4F, University of Kentucky). Each cigarette was puffed once per minute for 2 s at a flow rate of 1.05 L/min, yielding 35 cc of smoke. This cycle was repeated nine times before ejecting the cigarette and loading a new one. Proper flow rate was maintained by a vacuum pump that established negative pressure at the exhaust port.
Exposure to HA Aerosol Beginning 1 month following initial smoke exposure, Group 1 was administered a 0.1% solution of low-molecular-weight (150 kDa) streptococcal HA in water (Bayer, Shawnee, KS), using a Misty-Ox nebulizer (Vital Signs, Totowa, NJ). Group 2 received aerosolized water alone. The nebulizer was connected to a heavy-duty air compressor that delivered a constant pressure of 30 psi. The aerosol entered the exposure chamber through an inflow port attached to the roof and was drawn through the chamber by negative pressure created by a vacuum pump connected to an exhaust port on the side wall. The chamber was large enough (28 9 19 9 15 in.) to permit the mice to remain in their cages while inhaling the aerosol, thereby minimizing direct handling of the animals.
Light Microscopic Studies
At 3, 6, and 10 months following initiation of smoke exposure, mice were asphyxiated with CO 2 and their lungs were inflated in situ with 10% neutral-buffered formalin at a constant pressure of 20 cmH 2 O. After 2 h, the chest contents were removed and fixed for several days in formalin. The extrapulmonary structures were then dissected off and the lung tissues were randomly cut and entirely submitted for histological processing. Slide sections stained with hematoxylin and eosin were examined with the light microscope to determine histological changes and to quantify airspace diameter by the mean linear intercept method [16] . Additional sections were treated with the Verhoeff-Van Gieson stain to identify elastic fibers.
Measurement of DID
The levels of the elastin-specific crosslinking amino acids, DID, were measured in both BALF and whole-lung tissues. Animals were asphyxiated with CO 2 and their lungs were lavaged three times with 1-ml aliquots of Hanks' solution. Both cell-free lavage fluids and homogenized lung tissues were then hydrolyzed in 6 N HCl at 110°C for 24 h, and the hydrolysates were filtered and evaporated to remove acid. DID were quantified by high-performance liquid chromatography and electrospray ionization mass spectrometry according to previously published procedures [11] .
Data Analysis
All data were expressed as mean ± standard error of the mean (SEM). Both the two-sample t test and the NewmanKeuls multiple comparison test were used to determine statistically significant differences (p \ 0.05) between treatment groups.
Results
BALF DID
As shown in Fig. 1 , the amount of BALF DID in both the HA/Smoke (Group 1) and Smoke-Only (Group 2) groups dropped precipitously after 4 months of smoke exposure. In the HA/Smoke group, there was a decrease from 0.8 ng/ml to less than 1 pg/ml during this interval. While differences in BALF DID between the groups were not statistically significant at 2 and 4 months, subsequent measurements showed significantly lower levels of these amino acids in the HA-treated animals. Levels of DID were undetectable (\1 pg/mg protein) in 8-week-old animals that were not exposed to either HA or smoke.
Lung DID
The amount of DID in the lungs was also measured at bimonthly intervals, beginning 2 months after the smoking regimen began. Both the HA/Smoke and Smoke-Only groups showed an increase in DID during the first 2 months, followed by a decline over the next 4 months and a second increase between 6 and 10 months (Fig. 2) . Differences between the groups were not statistically significant over the entire course of the study.
Lung Histopathology
Exposure to tobacco smoke for 3 months resulted in significant airspace enlargement in animals receiving smoke alone, whereas only minimal alveolar changes were seen in those treated with HA (Fig. 3) . The MLI of animals treated with HA was 42.6 lm compared to 58.4 lm for those receiving smoke alone (p \ 0.01; Fig. 4 ). There was no significant difference between the MLI of the HA-treated group and that of 8-week-old control animals from our previous study (40.5 ± 0.6 lm), which were not exposed to either smoke or HA [15] . However, animals receiving only smoke had a significantly higher MLI than this control group (p \ 0.01). Similar measurements were not performed at later time intervals because there was little progression of airspace enlargement in either group, which is consistent with previous morphological findings [15] .
Both groups showed inflammation of the larger airways at 3 months, including prominent papillary hyperplasia of bronchial epithelium, and accumulation of elastic fibers within the connective tissue stalks associated with the papillary epithelium (Fig. 5) . The airway inflammation persisted at later time intervals (6 and 10 months), but there was no evidence of alveolitis or interstitial fibrosis in either group, despite the increase in total lung DID between these two time points. While several studies have shown that low-molecular-weight HA may enhance the expression of a variety of cytokines [17, 18] , we observed no evidence of an inflammatory response in the HA-treated animals beyond that induced by smoke exposure. Fig. 1 The levels of BALF DID in both treatment groups showed a marked decrease after 4 months of smoke exposure. Although differences between the groups were not statistically significant at 2 and 4 months, subsequent measurements in the HA-treated animals were significantly lower (n C 3 for each bar). Levels of DID were undetectable (\1 pg/mg protein) in 8-week-old animals that were not exposed to either HA or smoke (not shown; n = 4) Fig. 2 An increase in lung DID was seen in both treatment groups during the first 2 months of smoke exposure, followed by a decrease over the next 4 months and a second increase between 6 and 10 months (n C 3 for each bar). Differences between the groups were not statistically significant over the 10-month period following initial smoke exposure Lung (2011) 189:51-56 53
Discussion
The concept of using nebulized HA to prevent elastic fiber injury is based on a series of experiments designed to determine the potential role of agents other than elastases in the pathogenesis of pulmonary emphysema. Previous studies from this laboratory indicated that intratracheal instillation of a nonelastolytic enzyme, hyaluronidase, induced pulmonary airspace enlargement in hamsters when administered in conjunction with 60% oxygen [19] . Damage to elastic fibers occurred only when both agents were given concomitantly, suggesting the possibility that hyaluronidase may facilitate the breakdown of these fibers by increasing their susceptibility to injury by other injurious agents such as elastases or oxidants. This concept was supported by subsequent work demonstrating that pretreatment of the lung with hyaluronidase enhances airspace enlargement induced by intratracheal administration of elastase [20, 21] . Studies were then undertaken to examine the effect of HA itself on this model of emphysema. Animals were exposed to an aerosol composed of 0.1% HA in water for 50 min prior to intratracheal instillation of elastase. Compared to controls treated with aerosolized water and elastase, those that received HA had significantly less airspace enlargement [22, 23] . Although the precise mechanism by which HA prevents lung injury is not yet well understood, our laboratory has shown that HA does not directly inhibit elastases but instead appears to bind to elastic fibers and prevent elastases from attacking them [20, 22, 24] . Studies using aerosolized fluorescein-labeled HA demonstrated preferential adherence of the polysaccharide to lung elastic fibers [22, 24] . This finding was complemented by additional experiments in which the binding of HA to elastic fibers in vitro prevented elastolysis by several different types of elastase, including human metalloproteinase 12, an enzyme that may be responsible for emphysematous changes associated with cigarette smoking [22] .
Interactions between HA and elastic fibers may involve formation of electrostatic or hydrogen bonds. The binding sites may not be situated on the elastin protein itself but may instead be located in the surrounding matrix composed of microfibrils or other glycoproteins. Alternatively, the exogenously administered HA could combine with native HA in close proximity to elastic fibers by a process of selfaggregation [25, 26] . The resulting molecular complexes of HA may provide a protective barrier against both free elastases and the cells that secrete them.
In contrast to earlier studies in which HA was administered concomitantly with cigarette smoke, the current investigation allowed elastic fiber breakdown to proceed unimpeded for the first month, thus providing a more clinically relevant test of the therapeutic potential of HA. While concurrent administration of aerosolized HA significantly reduced BALF DID levels within 3 months of smoke exposure [15] , the same effect was not seen until 6 months in the present study. Nevertheless, the delay in administering HA did not affect its ability to prevent emphysematous changes in the lung.
In the current study, the lack of airspace enlargement in the HA-treated group, despite significant elastic fiber breakdown, may possibly be explained by the fact that airway injury is an early feature of this model of smokeinduced lung injury. Although the precise contribution of airway inflammation to BALF DID levels remains uncertain, it may be speculated that the high levels of BALF DID at 2 and 4 months following initiation of smoke exposure are a consequence of elastin turnover in the walls of the larger airways rather than the distal lung.
With regard to total-lung DID, there were no significant differences between the two groups at any time point, suggesting that this parameter is not a sensitive measure of elastic fiber degradation but rather reflects the balance between elastic fiber injury and repair. Rapid resynthesis of these fibers could mask any differences with regard to their rate of breakdown.
The development of airway inflammation within the first 2 months of smoke exposure may explain why HA was initially ineffective in reducing BALF DID levels. The release of enzymes and oxidants by inflammatory cells may cause the exogenous HA to undergo breakdown, thereby impairing its ability to form larger, protective complexes in proximity to airway elastic fibers. While such a process remains hypothetical, this laboratory has previously shown that the same preparation of aerosolized HA used in the current study is effective in preventing acute lung injury only when given prior to intratracheal instillation of endotoxin [27] .
Whether a similar pattern of elastic fiber breakdown and proliferation occurs in human lungs in response to smoking remains unclear. However, there is some experimental evidence which suggests that both forms of injury have certain features in common. In one study, DID levels in plasma and urine were significantly elevated in COPD patients, with and without emphysema, indicating that elastic fiber injury occurs in both airways and lung parenchyma [12] . Other investigators have also reported a reduction in urinary desmosine levels as the disease progresses, although their findings were attributed to a loss of lung elastic fiber mass rather than a specific decrease in the rate of elastin breakdown [28] .
The leveling off of airspace enlargement in smokeexposed mice after several months is consistent with an adaptive response to chronic injury. A number of studies suggest that enhanced synthesis of endogenous antioxidants may limit the damaging effects of tobacco smoke and other oxidants [29] [30] [31] . Furthermore, changes in the interstitial extracellular matrix resulting from continued injury and repair could decrease the likelihood of alveolar wall rupture due to elastase activity or mechanical stress. Regarding this possibility, an increase in lung collagen content has been reported after prolonged exposure to cigarette smoke, suggesting a transition from a degradative to a proliferative process, similar to that observed in the current study [32] .
Notwithstanding these limitations, experimental models of smoke-induced lung injury provide a means of evaluating the usefulness of potential therapeutic agents. In the current study, the ability of HA to mitigate both airspace enlargement and elastic fiber injury, despite a 1-month delay in treatment, provides added support for testing this agent in patients with pre-existing COPD. The gradual progression of this disease suggests that even a small decrease in the rate of elastic fiber injury could have a significant impact on the decline of lung function.
